To determine the impact of gender on glycaemic control and hypoglycaemia in insulin-naïve patients with type 2 diabetes (T2DM). Methods: Data were pooled from six randomized clinical trials of insulin glargine or NPH insulin in insulin-naïve, inadequately controlled patients.
Introduction
Marked gender differences in glucose control have been observed in several studies, and these differences may influence treatment in women with type 2 diabetes (T2DM). When compared with men, women with normal glucose tolerance have been found to be more insulin-sensitive and have better -cell function; however, greater postmenopausal metabolic deterioration has been observed [1, 2] . Gender-related differences have been measured using oral glucose tolerance testing, showing that in prediabetic states, women have higher rates of impaired glucose tolerance, whereas the rates of impaired fasting glucose are higher in men [3, 4] . The causes of these differences in glucose control are not clearly understood, although gender-related differences in body fat distribution and hormones, as well as slower glucose absorption in women, may contribute to the observed gender dimorphism [5, 6] .
Although gender is not a direct risk factor for developing T2DM, gender differences in glucose regulation and hypoglycaemia incidence have been observed. One post hoc analysis of six pooled clinical trials observed a gender difference in postprandial glucose (PPG) levels in patients with T2DM treated with insulin [7] . In the analysis, women had lower PPG levels than men after both lunch and dinner, and further weight gain was also significantly greater in women in this study. The risk of developing hypoglycaemia also seems to be greater in insulin-treated women with T2DM [8] , although this has not always been observed [7] . Studies indicate that hypoglycaemia may be related to increased mortality in those who cannot reach their metabolic goals; furthermore, hypoglycaemia is associated with reduced quality of life and productivity, increased patient anxiety and higher healthcare costs [9] . As a result, the detection of gender-based differences in glycaemic control and hypoglycaemic events is an important consideration when selecting an appropriate management plan for T2DM.
The present analysis examines pooled, patient-level data from six multisite, randomized clinical trials with similar research methodologies. The aim of the data analysis was to determine the impact of gender on glycaemic control and the incidence of hypoglycaemia in patients with T2DM treated with insulin.
Materials and Methods

Study Population and Patient Selection
Patients with T2DM from intent-to-treat populations were pooled from six multinational, multicentre, randomized, open-label clinical trials with similar study designs and research methodologies, where individual patient-level data were available [10] [11] [12] [13] [14] [15] . The trials compared the efficacy and safety of insulin glargine with NPH insulin in previously insulin-naïve patients, and the study characteristics are contained in Table 1 [10] [11] [12] [13] [14] [15] .
Patients with T2DM were enrolled in their respective study if they were inadequately controlled on one or two oral antidiabetic drugs (OADs; sulphonylureas, metformin, pioglitazone or rosiglitazone) for ≥6 months and were insulin-naïve. Patients included within the pooled analysis were aged 20-80 years, and had a body mass index (BMI) of 20-40 kg/m 2 and glycated haemoglobin (HbA1c) levels of 7.5-12%. Patients were excluded if they were nightshift workers, pregnant or breast feeding, had a history of ketoacidosis or alcohol or drug abuse, were treated with insulin or any investigational drugs within the previous 3 months or had any clinically relevant somatic or mental disease. All trials were conducted in accordance with the Declaration of Helsinki and approved by the Independent Ethics Committee or Institutional Review Board of each centre or site. Before participating in any study-related procedure, all patients provided written informed consent.
Study Designs
Across all six studies, the primary goal was to assess the efficacy and safety of insulin glargine compared with NPH insulin in patients with T2DM. Patients were started on either insulin glargine or NPH insulin and treated daily for 24-36 weeks, depending on the study. In addition, patients either continued to adhere to their previous OAD therapy, or 3-4 mg of glimepiride was substituted for the previous OAD. No additional diabetes treatments (e.g. rapid-acting insulins) were permitted. Across the studies, there was some variation in the insulin starting dose and dose titration method used. Three of the studies calculated the initial insulin dose as a function of each patient's fasting blood glucose (FBG) level; however, in the other three, patients were started on the same preset dose. Across all studies, dose was titrated to achieve a target FBG level, which ranged from 4.4 to ≤5.5 mmol/l. In three studies, a predefined regimen was used to titrate dose. In the remaining studies, titration was at the discretion of the investigator, or a function of the patient's condition or laboratory/metre measurements.
Efficacy
In five of the studies, the primary efficacy outcome was change in HbA1c level from baseline to study end. In the sixth study, the primary outcome was the percentage of patients achieving HbA1c ≤7.0% without an instance of symptomatic nocturnal and/or severe hypoglycaemia. Secondary efficacy outcomes included HbA1c and FBG levels, percent achieving an HbA1c efficacy target of <7% and change in insulin dose.
Hypoglycaemia
Hypoglycaemia was defined as symptomatic or asymptomatic and confirmed with blood or plasma glucose levels that ranged from <4.2 to <4.0 mmol/l, depending upon the trial. Severe hypoglycaemia was defined as an event with symptoms consistent with hypoglycaemia that required the assistance of another person, or was followed by prompt recovery after oral carbohydrate, intravenous glucose or glucagons and confirmed with blood or plasma levels that ranged from <3.1 to <2.8 mmol/l, depending on the trial. Nocturnal hypoglycaemia was defined as hypoglycaemia that occurred while the patient was asleep, after an evening insulin injection and before rising in the morning. Additional adverse events were also recorded within all pooled studies.
Statistical Analyses
All outcome measures were analysed according to gender, and then further by BMI group (determined as the median population BMI of 28 kg/m 2 ). Descriptive univariate statistics were used to measure and describe safety and efficacy outcomes. Student's t-tests and chi-squared tests were used to compare continuous and categorical variables, respectively. Additionally a meta-analytical approach with a random-effects model was used to analyse the summary endpoint measurements, including HbA1c change and likelihoods of severe hypoglycaemia and severe nocturnal hypoglycaemia. Furthermore, multivariable generalized linear regressions were used to evaluate the impact of gender on HbA1c change from baseline to study end and likelihoods of severe hypoglycaemia and severe nocturnal hypoglycaemia after controlling for key covariates that may potentially influence the outcomes. Such covariates included insulin type, age, baseline BMI, duration of diabetes, baseline HbA1c, baseline insulin dose and metformin and sulphonylurea usage. Meta-analytical analyses were carried out in Review Manager (RevMan version 5.1, Copenhagen: Cochrane Collaboration). Other statistical analyses were carried out in sas 9.3. A p value of 0.05 was taken to indicate statistical significance.
Results
Baseline Characteristics
A total of 2600 patients comprised the pooled study population (women, n = 1251; men, n = 1349) ( Table 2) . A comparison of baseline demographics showed no significant effect of gender for the characteristics of age, disease duration, glargine/NPH use, insulin dose, HbA1c levels or FBG levels, but there were significant gender effects for body weight, BMI and insulin dose/kg -characteristics associated with body composition. Although there was no impact of gender on the overall baseline HbA1c and FBG levels, the baseline levels for these measures of glycaemic control were both found to be significantly higher in women within the BMI ≤28 kg/m 2 cohort. Although the women weighed significantly less than the men, BMI and insulin dose/kg at baseline were significantly higher. A comparison of sulphonylurea treatment before insulin initiation across gender showed no significant difference (women, 23.2%; men, 24.3%; p = 0.50).
Efficacy
Insulin treatment significantly reduced HbA1c levels from baseline in male and female patients (both p < 0.001 vs. baseline); however, the overall comparison between genders showed that HbA1c levels at the end of the study were significantly lower in men (p < 0.001; Table 3 ). The significant differences between gender were also observed across both BMI cohorts (BMI ≤28 kg/m 2 , p < 0.001; BMI >28 kg/m 2 ; p = 0.002). Furthermore, significantly more men achieved the target HbA1c level of <7% (33% of men vs. 26.5% of women; p < 0.001) and this effect of gender was also observed in both BMI cohorts (BMI ≤28 kg/m 2 , p = 0.002; BMI >28 kg/m 2 , p = 0.007; Table 3 ). Weight change from baseline to study end did not differ between men and women, either overall or among the BMI groups. Insulin treatment was also associated with a reduction in FBG levels from baseline in both men and women. In contrast to the HbA1c observations, however, reduction in FBG levels at endpoint was significantly greater in women (p = 0.009; Table 3 ). Comparisons of the impact of gender within the BMI cohorts found a significant effect only in the higher BMI cohort (p = 0.04).
Change from baseline HbA1c and FBG were calculated and analysed overall and within each BMI cohort (Figures 1, 2) . Consistent with men having significantly lower HbA1c levels at the end of the study, the change in HbA1c from baseline was found to be significantly greater in men overall (p = 0.002), as well as in both BMI cohorts (BMI ≤28 kg/m 2 , p < 0.01; BMI >28 kg/m 2 , p = 0.03; Figure 1 ). Consistent with women having significantly lower FBG levels at study end, change in FBG from baseline was also significantly greater in women overall (p < 0.001) as well as in both BMI cohorts (BMI ≤28 kg/m 2 , p = 0.001; BMI >28 kg/m 2 , p = 0.048; Figure 2 ).
Insulin Dose and Insulin Dose/kg
Insulin dose significantly increased from baseline in both women and men. At the end of the study, an overall comparison across gender showed that the mean daily insulin dose was significantly higher in men (p = 0.012). This difference was driven predominantly by men in the BMI >28 kg/m cohort, as there was no difference between genders in the BMI ≤28 kg/m 2 cohort (Table 3) . By contrast, insulin dose/kg was significantly higher in women overall (p < 0.001; Figure 3 ), primarily because of significantly higher values in the BMI ≤28 kg/m 2 cohort (p < 0.001; Table 3 ). Insulin dose/kg was also significantly higher in women at baseline (p < 0.001; Figure 3 ).
Hypoglycaemia
The comparison of the percentage of patients experiencing a hypoglycaemic episode showed that a significantly higher proportion of women overall (p = 0.02) experienced a hypoglycaemic episode; this was also observed for women in the BMI ≤28 kg/m 2 cohort (p = 0.02; Figure 4) . Although a greater percentage of women in the BMI >28 kg/m 2 cohort experienced episodes of hypoglycaemia, the difference was not significant (p = 0.4). Similarly, a significantly higher percentage of women overall experienced episodes of nocturnal hypoglycaemia (p < 0.001), and this was also observed in the BMI ≤28 kg/m 2 cohort (p < 0.001; Figure 4 ), but not in the BMI >28 kg/m 2 cohort (p = 0.12).
Meta-analytical Results
When the data were analysed using a meta-analytical approach, the Mantel-Haenszel Q statistic showed that there was no significant heterogeneity among the trials for HbA1c change (p = 0.81), severe hypoglycaemia (p = 0.87) or severe nocturnal hypoglycaemia (p = 0.56). Based on the results of the meta-analytical data analysis with a random-effects model, female gender versus male gender was associated with a smaller change in HbA1c [mean difference: 0.11%; 95% confidence interval (CI) 0.03, 0.20; p = 0.01] and a greater likelihood of having had severe nocturnal hypoglycaemia during trial periods [odds ratio (OR) 2.63; 95% CI 1.18, 5.85; p = 0.02]. There was a non-significant trend for women in comparison to men having had severe hypoglycaemia during trial periods (OR 1.54; CI 0.92, 2.57; p = 0.10).
Multivariable Regression Results
After controlling for key patient characteristics, including insulin type, age, baseline BMI, duration of diabetes, baseline HbA1c, baseline insulin dose and metformin and sulphonylurea usage, the results of the multivariable regression analyses showed that the mean change in HbA1c was lower for women than for men (difference: 0.20%; 95% CI 0.11, 0.28; p < 0.0001).
Women were also more likely than men to have had severe hypoglycaemia (OR 1.80; 95% CI 1.08, 3.00; p = 0.02) and severe nocturnal hypoglycaemia (OR 3.80, 95% CI 1.72, 8.42; p = 0.001) during the trial periods.
Discussion
The results from this patient-level pooled analysis showed a significant effect of gender on glycaemic control and safety, in addition to insulin dose. Previous research has established that women are more inclined to experience hypoglycaemia during insulin treatment [8, 16] ; but the impact of gender on glycaemic control, specifically HbA1c level, is less clear. In clinical trials, women with T2DM have significantly higher HbA1c levels and significantly fewer women than men achieve target HbA1c levels of <7 and <8% [17] , but this finding was not observed in other research [18] . The results from the present study confirm the previous finding that women are at a higher risk of hypoglycaemia, but also that a gender-related distinction in efficacy/treatment response is observed.
Using three different approaches to data analysis, a univariate descriptive analysis, a meta-analytical approach and a multivariable generalized linear regression analysis, we found the results to be generally consistent with each other in terms of the direction of the findings. We note that the different approaches to estimating the overall gender difference have resulted in slightly different estimates. More sophisticated analyses might reconcile these small differences, but we believe the results are consistent and give strong confirmation that there is a statistically significant gender difference in reduction in HbA1c and severe nocturnal hypoglycaemia. The univariate analysis results were intended to be hypothesis-generating, and need to be further validated in future clinical studies.
Efficacy in the present study was determined by analysing the treatment responses, HbA1c and FBG, and for both; baseline comparisons showed no effect of gender, except in the lighter BMI cohort, where these levels were significantly higher in women. After insulin treatment, the resulting gender-related distinction was characterized by a significantly lower reduction in HbA1c from baseline in women; this same group, however, experienced a significantly greater reduction in FBG levels. This is one of the first studies to observe a treatment response difference between HbA1c and FBG levels in women with T2DM. A pooled analysis of a differing set of nine randomized controlled studies (females, n = 1287; males, n = 1651) examined treatment outcomes with insulin glargine and numerous different diabetes interventions [19] . The present study reinforces the findings, as women were less likely to achieve glycaemic targets with insulin glargine and exhibited significantly greater reductions in FBG level, higher insulin doses and higher rates of hypoglycaemia [19] .
A significant difference between men and women in terms of HbA1c activity and target HbA1c achievement was observed, and this difference was maintained regardless of BMI strata. Interestingly, women experienced a greater and significant reduction in FBG level, despite having significantly higher HbA1c levels at baseline; this significance was apparent only in the higher BMI cohort. Statistical analysis of change in FBG from baseline showed a significant gender effect, which was maintained regardless of BMI group.
These results may point to the observation that in women PPG levels may exert a greater impact on metabolic control and cardiometabolic risk overall than in men, as indicated by previous research [20] . When treatment is intensified with basal insulin, basal hyperglycaemia still accounts for at least one third of hyperglycaemic exposure, and therefore, tight glycaemic control requires targeting both basal and PPG levels [21] .
Glucose levels and kinetics-and thus, glucose control-depend on many variables, such as insulin sensitivity, insulin secretion, hepatic glucose production, gut glucose absorption and release of glucagon and incretins. In fact, many of these factors are inter-related [22] . Some of these variables were also shown to differ between men and women; the associations of insulin sensitivity and secretion with age and body weight within wide ranges also differ between genders [2] . As we could not measure these variables in this study, however, we can only speculate on the underlying mechanisms.
In subjects with normal glucose metabolism, women usually have higher insulin sensitivity, lower fasting glucose values and higher stimulated glucose concentrations at least 2 h after oral glucose loading during an oral glucose tolerance test; therefore, women more often have isolated impaired glucose tolerance, while men more often have isolated impaired fasting glucose [3] . Differences in gut glucose absorption, with prolonged gut absorption in women, may be attributed to different anthropometry and may contribute to more pronounced late postprandial hyperglycaemia in women [23] .
In populations without diabetes, women also have lower HbA1c values in relation to fasting glucose values; however, when fasting glucose values exceed normal values, the HbA1c/gender differences become smaller or disappear [24] . Moreover, gender differences were shown in regard to HbA1c distribution within prediabetic states. It was suggested that differences in height, but not physiology of glucose regulation, could be responsible for differences in 2-h PPG levels, whereas gender differences in fasting glucose may be attributable to physiological differences involving both insulin sensitivity and -cell function [22] . Gender differences in HbA1c could not be explained by differences in body composition. HbA1c may be influenced by many factors, including genetic factors, age, ethnicity and environment [25] , and gender may also affect HbA1c variability. Overall there may be considerable differences between the correlation of individual average glucose and HbA1c levels.
In the present study at baseline, normal-weight to slightly overweight (BMI <28 kg/m 2 ) women had higher FBG and HbA1c values compared with men, although there were no gender differences in glycaemic control in the overall groups. After insulin initiation, FBG levels dropped more markedly and were lower at the end of the investigation in women; however, they also had significantly higher rates of hypoglycaemia, although men were found to have better reduction in HbA1c level.
Typically, FBG is determined by endogenous glucose production and therefore mostly depends on the liver [26] . The product of hepatic glucose production and fasting insulin is a surrogate of hepatic insulin resistance. It can be speculated that the normal-weight women having higher FBG and HbA1c values were not as well controlled, showing a higher degree of insulin resistance; that is, increased hepatic glucose production combined with inadequate insulin secretion. Both the insulin dose/kg and the reduction in FBG levels, however, were greater in this female subgroup, suggesting at least similar insulin sensitivity (although HbA1c reduction was lower in women irrespective of BMI group). The higher rate of nocturnal hypoglycaemia may further indicate that fewer efforts to reduce fasting glycaemia (e.g. increasing bedtime basal insulin and more focus on measurements and control of postprandial values) could have contributed to overall better metabolism with a lower risk of hypoglycaemia in lean women.
Overweight/obese men had higher total insulin doses, reflecting greater weight and greater insulin resistance; therefore, they also had low hypoglycaemia rates. The fact that HbA1c was better and that more men achieved target HbA1c at the end of the observation may indicate that postprandial hyperglycaemia was less pronounced, basal hyperglycaemia predominated and the dose of bedtime insulin was appropriate/adequate.
Both postprandial and basal hyperglycaemia are components of glucose exposure. Postprandial glycaemia is the main contributor to overall glycaemia in patients with fairly well-controlled diabetes, whereas basal hyperglycaemia becomes the preponderant contributor in patients with poorly-controlled disease [27] . It is supposed, however, that in patients with lower HbA1c values (<7-7.5%), PPG peaks substantially contribute to overall glycaemia, whereas in patients with high glycaemia, fasting and preprandial glycaemia are predominant [27] . Interestingly, discordant results were observed in patients with HbA1c levels <8% if they were studied before or after initiation of basal insulin; although the relative contribution of postprandial glycaemia was <25% before insulin therapy, it increased to almost 60% after insulin treatment [27] . A 1% absolute impact of PPG on HbA1c was postulated. Interventional studies, however, proved the protective effect of lowering fasting glucose on development of vascular complications.
Even after initiation of basal insulin therapy, the contribution of basal hyperglycaemia accounted for 40-50% by use of 7-point self-measured glucose profiles [21] . Unfortunately, these studies did not analyse or report gender differences in the relative contribution of basal versus postprandial hyperglycaemia; however, they did report lower rates of hypoglycaemia after the addition of basal insulin versus other forms of intensification of therapy [21] . In addition to measuring FBG, random glucose measurements including postprandial state may be helpful to improve glycaemic control especially in women, particularly if there is a discrepancy between HbA1c and FBG levels. Continuous glucose monitoring systems in women may represent an important advancement in the management of both glycaemic control and hypoglycaemia, as use of these devices has improved control and safety [28] . This is especially important at night-time, when patients may have hypoglycaemic episodes of which they are not aware.
A gender effect on the counter-regulatory hormonal response that occurs during a hypoglycaemic event has been observed in women with and without diabetes [29] and, consistent with this, female gender (along with lower BMI) is associated with a higher risk of hypoglycaemia [8, 16] . The present study confirms these observations, as we found that significantly more women experienced both severe hypoglycaemia and severe nocturnal hypoglycaemia, although this was not seen in the higher BMI cohort. This warrants particular emphasis, as patients with diabetes experiencing hypoglycaemia are at an increased risk of significant health complications (including higher rates of cardiovascular disease and risk of mortality), cognitive impairment and diminished quality of life. Furthermore, hypoglycaemia has a negative impact on productivity, treatment adherence and healthcare costs [9, [30] [31] [32] [33] .
Hypoglycaemia is also correlated with higher weight-based insulin doses, regardless of which insulin type is used [34] . While dose titration protocols differed between studies (three based on FBG, three with common pre-set dose), the pooled patient data showed limited, if any, impact of patient weight as a notable contributory factor to weight-based insulin dose. Within the present study, the endpoint mean insulin dose was significantly higher in men overall, and particularly higher in the higher BMI cohort, although there was no difference across gender in the leaner cohort. When the patient's weight was taken into consideration, women overall and those in the leaner cohort were found to receive a higher insulin dose/kg, which was correlated with a difference in efficacy and a greater incidence of hypoglycaemia. These results are inconsistent with the observation from a previous study which found that the risk of hypoglycaemia increased only at a much higher dose, that of 0.6 U/kg and higher.
The results from the present study show that women and those with a lower BMI do not respond to treatment in the same way as men and those with higher BMI. There is a precedent for this, as marked gender differences have been observed with regard to insulin resistance [6] . Incidence of hypoglycaemia was also elevated in women and patients with low BMI. Achieving metabolic control to prevent diabetic complications is the treatment goal in T2DM. The results from this and other studies emphasize the need for treatment to be closely monitored and individualized, especially in women, to reflect this observed vulnerability.
